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ABSTRACT
Aims. The role of galaxy mergers in massive galaxy evolution, and in particular to mass assembly and size growth, remains an open question. In
this paper we measure the merger fraction and rate, both minor and major, of massive early-type galaxies (M⋆ ≥ 1011 M⊙) in the COSMOS field,
and study their role in mass and size evolution.
Methods. We use the 30-band photometric catalogue in COSMOS, complemented with the spectroscopy of the zCOSMOS survey, to define close
pairs with a separation on the sky plane 10h−1 kpc ≤ rp ≤ 30h−1 kpc and a relative velocity ∆v ≤ 500 km s−1 in redshift space. We measure both
major (stellar mass ratio µ ≡ M⋆,2/M⋆,1 ≥ 1/4) and minor (1/10 ≤ µ < 1/4) merger fractions of massive galaxies, and study their dependence on
redshift and on morphology (early types vs late types).
Results. The merger fraction and rate of massive galaxies evolves as a power-law (1+ z)n, with major mergers increasing with redshift, nMM = 1.4,
and minor mergers showing little evolution, nmm ∼ 0. When split by their morphology, the minor merger fraction for early-type galaxies (ETGs)
is higher by a factor of three than that for late-type galaxies (LTGs), and both are nearly constant with redshift. The fraction of major mergers for
massive LTGs evolves faster (nLTMM ∼ 4) than for ETGs (nETMM = 1.8).
Conclusions. Our results show that massive ETGs have undergone 0.89 mergers (0.43 major and 0.46 minor) since z ∼ 1, leading to a mass
growth of ∼ 30%. We find that µ ≥ 1/10 mergers can explain ∼ 55% of the observed size evolution of these galaxies since z ∼ 1. Another ∼ 20%
is due to the progenitor bias (younger galaxies are more extended) and we estimate that very minor mergers (µ < 1/10) could contribute with
an extra ∼ 20%. The remaining ∼ 5% should come from other processes (e.g., adiabatic expansion or observational effects). This picture also
reproduces the mass growth and the velocity dispersion evolution of these galaxies. We conclude from these results, and after exploring all the
possible uncertainties in our picture, that merging is the main contributor to the size evolution of massive ETGs at z . 1, accounting for ∼ 50−75%
of that evolution in the last 8 Gyr. Nearly half of the evolution due to mergers is related to minor (µ < 1/4) events.
Key words. Galaxies: elliptical and lenticular, cD — Galaxies:evolution — Galaxies:interactions
1. Introduction
The history of mass assembly is a major component of the
galaxy formation and evolution scenario. The evolution in the
number of galaxies of a given mass, as well as the size and
shapes of galaxies building the Hubble sequence, provides
strong input to this scenario. The optical colour - magnitude di-
agram of local galaxies shows two distinct populations: the ”red
sequence”, consisting primarily of old, spheroid-dominated, qui-
escent galaxies, and the ”blue cloud”, formed primarily by spi-
ral and irregular star-forming galaxies (e.g., Strateva et al. 2001;
Baldry et al. 2004). This bimodality has been traced at increas-
ingly higher redshifts (e.g., Ilbert et al. 2010), showing that the
most massive galaxies were the first to populate the red sequence
as a result of the so-called ”downsizing” (e.g., Bundy et al.
⋆ Based on observations made at the European Southern Observatory
(ESO) Very Large Telescope (VLT) under Large Program 175.A-0839.
2006; Pe´rez-Gonza´lez et al. 2008; Pozzetti et al. 2010). These
properties result from several physical mechanisms for which
it is necessary to evaluate the relative impact. In this paper we
examine the contribution of major and minor mergers to the
mass growth and size evolution of massive early-type galaxies
(ETGs), based on new measurements of the pair fraction from
the COSMOS1 (Cosmological Evolution Survey, Scoville et al.
2007) and zCOSMOS2 (Lilly et al. 2007) surveys.
The number density of massive ETGs galaxies with M⋆ &
1011 M⊙ is roughly constant since z ∼ 0.8 (Pozzetti et al. 2010,
and references therein), with major mergers (mass or luminosity
ratio higher than 1/4) common enough to explain their number
evolution since z = 1 (Eliche-Moral et al. 2010; Robaina et al.
2010; Oesch et al. 2010). However, and despite that they seem
”dead” since z ∼ 0.8, two observational facts rule out the pas-
1 http://cosmos.astro.caltech.edu/
2 http://www.astro.phys.ethz.ch/zCOSMOS/
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sive evolution of these massive ETGs after they have reached
the red sequence: the presence of Recent Star Formation (RSF)
episodes and their size evolution. In the former, the study of red
sequence galaxies in the NUV–optical colour vs magnitude dia-
gram reveals that ∼30% have undergone RSF, as seen from their
blue NUV − r colours, both locally (Kaviraj et al. 2007) and at
higher redshifts (z ∼ 0.6, Kaviraj et al. 2011). This RSF typically
involves 5−15% of the galaxy stellar mass (Scarlata et al. 2007;
Kaviraj et al. 2008, 2011). Some authors suggest that minor
mergers, i.e., the merger of a massive red sequence galaxy with
a less massive (mass or luminosity ratio lower than 1/4), gas-
rich satellite, could explain the observed properties of galaxies
with RSF (Kaviraj et al. 2009; Ferna´ndez-Ontiveros et al. 2011;
Desai et al. 2011).
Regarding size evolution, it is now well established that mas-
sive ETGs have, on average, lower effective radius (re) at high
redshift than locally, being ∼ 2 and ∼ 4 times smaller at z ∼ 1
and z ∼ 2, respectively (Daddi et al. 2005; Trujillo et al. 2006,
2007, 2011; Buitrago et al. 2008; van Dokkum et al. 2008, 2010;
van der Wel et al. 2008; Toft et al. 2009; Williams et al. 2010;
Newman et al. 2010, 2012; Damjanov et al. 2011; Weinzirl et al.
2011; Cassata et al. 2011, but see Saracco et al. 2010; and
Valentinuzzi et al. 2010b for a different point of view). Massive
ETGs as compact as observed at high redshifts are rare
in the local universe (Trujillo et al. 2009; Taylor et al. 2010;
Cassata et al. 2011), suggesting that they must evolve since
z ∼ 2 to the present. It has been proposed that high red-
shift compact galaxies are the cores of present day ellipticals,
and that they increased their size by adding stellar mass in
the outskirts of the galaxy (Bezanson et al. 2009; Hopkins et al.
2009a; van Dokkum et al. 2010). Several studies suggest that
merging, especially the minor one, could explain the ob-
served size evolution (Naab et al. 2009; Bezanson et al. 2009;
Hopkins et al. 2010b; Feldmann et al. 2010; Shankar et al. 2011;
Oser et al. 2012), while other processes, as adiabatic expansion
due to AGNs or to the passive evolution of the stellar pop-
ulation, should have a mild role at z . 1 (Fan et al. 2010;
Ragone-Figueroa & Granato 2011; Trujillo et al. 2011). In ad-
dition, a significant fraction of local ellipticals present signs of
recent interactions (van Dokkum 2005; Tal et al. 2009).
While minor mergers are expected to contribute significantly
to the evolution of massive ETGs, there is no direct obser-
vational measurement of their contribution yet. As a first ef-
fort, Jogee et al. (2009) estimate the minor merger fraction in
massive galaxies out to z ∼ 0.8 using morphological crite-
ria, and find that the minor merger fraction has a lower limit
which is ∼3 times larger than the corresponding major merger
fraction. The minor merger fraction of the global population
of LB & L∗B galaxies has been studied quantitatively for the
first time by Lo´pez-Sanjuan et al. (2011, LS11 hereafter) in
the VVDS-Deep3 (VIMOS VLT Deep Spectroscopic Survey,
Le Fe`vre et al. 2005). They show that minor mergers are quite
common, that their importance decrease with redshift (see also
Lotz et al. 2011), and that they participate to about 25% of
the mass growth by merging of such galaxies. Focusing on
massive galaxies, Williams et al. (2011), Ma´rmol-Queralto´ et al.
(2012), or Newman et al. (2012) study their total (major + mi-
nor) merger fraction to z ∼ 2, finding also that it is nearly con-
stant with redshift. In this paper we present the detailed merger
history, both minor and major, of massive (M⋆ ≥ 1011 M⊙) ETGs
since z ∼ 1 using close pair statistics in the COSMOS field, and
use it to infer the role of major and minor mergers in the mass
3 http://cesam.oamp.fr/vvdsproject/vvds.htm
assembly and in the size evolution of these systems in the last
∼ 8 Gyr.
The paper is organised as follow. In Sect. 2 we present our
photometric catalogue in the COSMOS field, while in Sect. 3
we review the methodology used to measure close pair merger
fractions when photometric redshifts are used. We present our
merger fractions of massive galaxies in Sect. 4, and the inferred
merger rates for ETGs in Sect. 5. The role of mergers in the mass
assembly and in the size evolution of massive ETGs is discussed
in Sect. 6, and in Sect. 7 we present our conclusions. Throughout
this paper we use a standard cosmology with Ωm = 0.3, ΩΛ =
0.7, H0 = 100h Km s−1 Mpc−1 and h = 0.7. Magnitudes are
given in the AB system.
2. The COSMOS photometric catalogue
We use the COSMOS catalogue with photometric redshifts de-
rived from 30 broad and medium bands described in Ilbert et al.
(2009) and Capak et al. (2007), version 1.8. We restrict our-
selves to objects with i+ ≤ 25. The detection completeness at
this limit is higher than 90% (Capak et al. 2007). In order to ob-
tain accurate colours, all the images were degraded to the same
point spread function (PSF) of 1.5′′. At i+ ∼ 25, the rms accu-
racy of the photometric redshifts (zphot) at z . 1 is ∼ 0.04 in
(zspec − zphot)/(1+ zspec), where zspec is the spectroscopic redshift
of the sources (Fig. 9 in Ilbert et al. 2009). At z > 1 the quality
of the photometric redshifts quickly deteriorates. Additionally,
and because we are interested on minor companions, we require
a detection in the Ks band to ensure that the stellar mass esti-
mates are reliable, thus we add the constraint Ks ≤ 24.
Stellar masses of the photometric catalogue have been de-
rived following the same approach than in Ilbert et al. (2010).
We used stellar population synthesis models to convert luminos-
ity into stellar mass (e.g., Bell et al. 2003; Fontana et al. 2004).
The stellar mass is the factor needed to rescale the best-fit tem-
plate (normalised at one solar mass) for the intrinsic luminosi-
ties. The Spectral Energy Distribution (SED) templates were
generated with the stellar population synthesis package devel-
oped by Bruzual & Charlot (2003, BC03). We assumed a uni-
versal initial mass function (IMF) from Chabrier (2003) and an
exponentially declining star formation rate, S FR ∝ et/τ (τ in
the range 0.1 Gyr to 30 Gyr). The SEDs were generated for a
grid of 51 ages (in the range 0.1 Gyr to 14.5 Gyr). Dust extinc-
tion was applied to the templates using the Calzetti et al. (2000)
law, with E(B − V) in the range 0 to 0.5. We used models with
two different metallicities. Following Fontana et al. (2006) and
Pozzetti et al. (2007), we imposed the prior E(B − V) < 0.15 if
age/τ > 4 (a significant extinction is only allowed for galaxies
with a high S FR). The stellar masses derived in this way have
a systematic uncertainty of ∼0.3 dex (e.g., Pozzetti et al. 2007;
Barro et al. 2011).
We supplement the previous photometric catalogue with the
spectroscopic information from zCOSMOS survey, a large spec-
troscopic redshift survey in the central area of the COSMOS
field. In this analysis we use the final release of the bright part
of this survey, called the zCOSMOS-bright 20k sample. This is
a pure magnitude selected sample with IAB ≤ 22.5. For a de-
tailed description and relevant results of the previous 10k re-
lease, see Lilly et al. (2009); Tasca et al. (2009); Pozzetti et al.
(2010) or Peng et al. (2010). A total of 20604 galaxies have been
observed with the VIMOS spectrograph (Le Fe`vre et al. 2003)
in multi-slit mode, and the data have been processed using the
VIPGI data processing pipeline (Scodeggio et al. 2005). A spec-
troscopic flag has been assigned to each galaxy providing an es-
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Fig. 1. Stellar mass as a function of redshift in the COSMOS
field. Red dots are principal galaxies (M⋆ ≥ 1011 M⊙) with
zphot in the zCOSMOS area, blue dots are companion galaxies
(M⋆ ≥ 1010 M⊙) with zphot in the COSMOS area, and black dots
are the red galaxies (NUV−r+ ≥ 3.5) with zphot in the COSMOS
area. We only show a random 15% of the total populations for
visualisation purposes. Green squares mark those galaxies in
previous populations with a spectroscopic resdhift. The vertical
lines mark the lower and upper redshift in our study, while the
horizontal ones the mass selection of the principal (solid) and
the companion (dashed) samples.
timate of the robustness of the redshift measurement (Lilly et al.
2007). If a redshift has been measured, the corresponding spec-
troscopic flag value can be 1, 2, 3, 4 or 9. Flag = 1 means that
the redshift is ∼ 70% secure and flag = 4 that the redshift is
∼ 99% secure. Flag = 9 means that the redshift measurement
relies on one single narrow emission line (O ii or Hα mainly).
The information about the consistency between photometric and
spectroscopic redshifts has also been included as a decimal in
the spectroscopic flag. In this study we select the highest reli-
able redshifts, i.e., with confidence class 4.5, 4.4, 3.5, 3.4, 9.5,
9.3, and 2.5. This flag selection ensures that 99% of redshifts
are believed to be reliable based on duplicate objects (Lilly et al.
2009).
Our final COSMOS catalogue comprises 134028 galaxies at
0.1 ≤ z < 1.1, our range of interest (see Sect. 2.1). Nearly 35%
of the galaxies with i+ . 22.5 have a high reliable spectroscopic
redshift. For consistency and to avoid systematics, we always
use the stellar masses and other derived quantities from the pho-
tometric catalogue. We checked that the dispersion when com-
paring stellar masses from zphot and zspec is ∼ 0.15 dex, lower
than the typical error in the measured stellar masses (∼ 0.3 dex).
Thanks to the methodology developed in Lo´pez-Sanjuan et al.
(2010a) we are able to obtain reliable merger fractions from pho-
tometric catalogues under some quality conditions (Sect. 3). We
check that the COSMOS catalogue is adequate for our purposes
in Sects. 3.2 and 3.3.
2.1. Definition of the mass-selected samples
We define two samples selected in stellar mass. The first one
comprises 2047 principal massive galaxies in the zCOSMOS
area, where spectroscopic information is available, with M⋆ ≥
1011 M⊙ (M⋆ & M∗⋆, Ilbert et al. 2010) at 0.1 ≤ z < 1.1. The
second sample comprises the 23992 companion galaxies with
M⋆ ≥ 1010 M⊙ in the full COSMOS area and in the same red-
shift range. The mass limit of the companion sample ensures
completeness for red galaxies up to z ∼ 0.9 (Drory et al. 2009;
Ilbert et al. 2010). Because of that, we set zup = 0.9 as the upper
redshift in our study, while zdown = 0.2 to probe enough cosmo-
logical volume. However, our methodology takes into account
the photometric redshift errors (see Sect. 3, for details), so we
must include in the samples not only the sources with z < zup,
but also those sources with z − 2σphot < zup in order to ensure
completeness in redshift space. Because of this, we set the max-
imum and minimum redshift of the catalogues to zmin = 0.1 and
zmax = 1.1. We show the mass distribution of our samples as a
function of z in Fig. 1, and we assume our samples as volume-
limited mass-selected in the following.
Our final goal is to measure the merger fraction and rate of
massive ETGs, but our principal sample comprises ETGs, spi-
rals and irregulars. We segregate morphologically our princi-
pal sample thanks to the morphological classification defined in
Tasca et al. (2009). Their method use as morphological indica-
tor the distance of the galaxies in the multi-space C − A − G
(Concentration, Asymmetry and Gini coefficient) to the posi-
tion in this space of a training sample of ∼500 eye-ball classi-
fied galaxies. These morphological indices were measured in the
HST/ACS images of the COSMOS field, taken through the wide
F814W filter (Koekemoer et al. 2007). The galaxies in the train-
ing sample were classified into ellipticals, lenticulars, spirals of
all types (Sa, Sb, Sc, Sd), irregulars, point-like and undefined
sources, and then these classes were grouped into early-type
(E,S0), spirals (Sa, Sb, Sc, Sd) and irregular galaxies. It is this
coarser classification that was considered in building the train-
ing set. The unclassified objects were not used for the training.
We refer the reader to Tasca et al. (2009) for further details. The
morphological classification in the COSMOS field is reliable for
galaxies brighter than i+ < 24, and all our principal galaxies are
brighter than i+ < 23.5 up to z = 1. According to the classifica-
tion presented in Tasca et al. (2009) our principal sample com-
prises 1285 (63%) ETGs (E/S0) and 632 (31%) spiral galaxies.
The remaining 6% sources are half irregulars (65 sources) and
half massive galaxies without morphological classification (65
sources). We stress that the classification of the principal sample
is exclusively morphological, without taking into account any
additional colour information, i.e., some of our ETGs could be
star-forming. We checked that ∼95% of our massive ETGs are
also quiescent (they have a rest-frame, dust reddening corrected
colour NUV − r+ ≥ 3.5, Ilbert et al. 2010). Regarding the com-
panion sample, we do not attempt to segregate it morphologi-
cally because the morphological classification is not reliable for
all companion galaxies (see Sect 4.3, for details).
We used C, A and G automatic indices to classify morpho-
logically the principal galaxy of the close pair systems. However,
these indices are affected by interactions, e.g., the asymmetry in-
creases, and we could misclassify ETGs and spirals as irregular
galaxies. Herna´ndez-Toledo et al. (2005, 2006) study how these
morphological indices vary on major interactions in the local
universe. They find that ETGs are slightly affected by interac-
tions and that interacting ETGs do not reach the loci of irregular
galaxies in the C−A space. However, spiral galaxies are strongly
affected by interactions and they can be classified as irregulars
by automatic methods. Thus, we do not expect misclassifications
in our ETGs sample, while some of our irregular galaxies can be
interacting spirals. This is in fact observed by Kampczyk et al.
(2011) in the 10k zCOSMOS sample. They find that the fraction
of ETGs in close pairs is similar to that in the underlying non-
interacting population, while the fraction of spirals/irregulars in
close pairs is lower/higher than expected. However, the sum of
3
C. Lo´pez-Sanjuan et al.: Mergers and the size evolution of massive ETGs since z ∼ 1
ETGs LTGs
z = 0.435
C = 0.59
A = 0.04 z = 0.456
C = 0.43
A = 0.08
z = 0.632
C = 0.52
A = 0.02 z = 0.664
C = 0.40
A = 0.10
z = 0.842
C = 0.50
A = 0.05 z = 0.872
C = 0.38
A = 0.07
Fig. 2. Examples of the typical ETGs (left) and LTGs (right) with
M⋆ ≥ 1011 M⊙ in the COSMOS field. The postage stamps show
a 30h−1 kpc x 30h−1 kpc area of the HST/ACS F814W image
at the redshift of the source, with the North on the top and the
East on the left. The pixel scale of the HST/ACS image is 0.05′′.
The grey scale ranges from 0.5σsky to 150σsky, where σsky is the
dispersion of the sky around the source. The redshift, the con-
centration (C) and the asymmetry (A) of the sources are labelled
in the panels.
spirals and irregulars is similar to that in the underlying popula-
tion, suggesting a spiral to irregular transformation due to inter-
actions.
In summary, the morphology of ETGs is slightly affected by
interactions, while some spirals could be classified as irregulars
during a merger. Because of this, we define late-type galaxies
(LTGs) as spirals+ irregulars, thus avoiding any bias due to mor-
phological transformations during the merger process. We show
some representative examples of our massive ETGs and LTGs
in Fig. 2. The mean mass of both ETGs and LTGs is similar,
M⋆ ∼ 1011.2 M⊙.
2.2. Dependence of the photometric errors on stellar mass
The quality of the photometric redshifts in COSMOS decreases
for faint objects in the i+ band (Ilbert et al. 2009). In this section
we study in details how redshift errors depend on the mass of the
sources, since this imposes limits on our ability of measure re-
Fig. 3. ∆z as a function of redshift in the mass-selected sample,
from M⋆ ≥ 1011 M⊙ (thiner line) to 1010 M⊙ ≤ M⋆ < 1010.2 M⊙
(thicker line) galaxies in bins of 0.2 dex. The black solid line
marks the photometric errors of blue galaxies in the lower mass
bin, while the black dashed line is for red galaxies in the same
mass bin. The vertical line marks the higher redshift in our
samples, zmax = 1.1. The horizontal line marks the median ∆z
for low-mass galaxies at the high redshift end of our sample
1.0 ≤ z < 1.1, ∆z = 0.015.
liable merger fractions in photometric catalogues (Sect. 3.2). As
shown by Ilbert et al. (2010), we can estimate the photometric
redshift error (σzphot) from the Probability Distribution Function
of the photometric redshift fit. In Fig. 3 we show the median
∆z ≡ σzphot/(1 + zphot) of galaxies with different stellar masses,
from M⋆ ≥ 1011 M⊙ (massive galaxies) to 1010 M⊙ ≤ M⋆ <
1010.2 M⊙ (low-mass galaxies) in bins of 0.2 dex.
Massive galaxies are bright in the whole redshift range un-
der study. Thus, their photometric errors are small up to z ∼ 1,
∆z ∼ 0.005. On the other hand, low-mass galaxies are fainter at
high redshift than their local counterparts, so their their photo-
metric errors increase with z and reach ∆z ∼ 0.015 at z ∼ 1. We
study separately the photometric errors of low-mass red and blue
galaxies. We took as red galaxies those with SED (rest-frame,
dust reddening corrected) colour NUV − r+ ≥ 3.5, while as blue
those with NUV − r+ < 3.5 (see Ilbert et al. 2010, for details).
Blue galaxies also have ∆z ∼ 0.015 up to z ∼ 1, while red galax-
ies have higher photometric redshift errors, with ∆z ∼ 0.020 at
z = 0.95 and ∆z ∼ 0.040 at z = 1.05. This different behaviour
can be explained by the different mass-to-light ratio (M⋆/L) of
both populations. Faint (i+ ∼ 25) blue galaxies, whose photo-
metric errors are higher, reach masses as low as M⋆ ∼ 108.5 M⊙
at z ∼ 1. On the other hand, we are in the detection limit for
red galaxies at these redshifts (red galaxies have i+ ∼ 25 at
z ∼ 1, Sect. 2.1), explaining their high photometric redshift er-
rors. Similar trends in the COSMOS photometric redshift errors
were found by George et al. (2011). In Sect. 3.2 we prove that
our methodology is able to recover reliable merger fractions in
COSMOS samples with ∆z . 0.040, as those in our study.
3. Close pairs using photometric redshifts
The linear distance between two sources can be obtained from
their projected separation, rp = θdA(zi), and their rest-frame rela-
tive velocity along the line of sight, ∆v = c |z j − zi|/(1+zi), where
zi and z j are the redshift of the principal (more luminous/massive
galaxy in the pair) and companion galaxy, respectively; θ is the
angular separation, in arcsec, of the two galaxies on the sky
4
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plane; and dA(z) is the angular scale, in kpc/arcsec, at redshift
z. Two galaxies are defined as a close pair if rminp ≤ rp ≤ rmaxp
and ∆v ≤ ∆vmax. The lower limit in rp is imposed to avoid
seeing effects. We used rminp = 10h−1 kpc, rmaxp = 30h−1 kpc,
and ∆vmax = 500 km s−1. With these constraints 50%-70% of
the selected close pairs will finally merge (Patton et al. 2000;
Patton & Atfield 2008; Lin et al. 2004; Bell et al. 2006). The
PSF of the COSMOS ground-based images is 1.5′′ (Capak et al.
2007), which corresponds to ∼ 8h−1 kpc in our cosmology at
z ∼ 0.9. To ensure well deblended sources and to minimise
colour contamination, we fixed rminp to 10h−1 kpc (θ & 2′′). On
the other hand, we set rmaxp to 30h−1 kpc to ensure reliable merger
fractions in our study (see Sect. 3.2, for details).
To compute close pairs we defined a principal and a com-
panion sample (Sect. 2.1). The principal sample comprises the
more massive galaxy of the pair, and we looked for those galax-
ies in the companion sample that fulfil the close pair criterion
for each galaxy of the principal sample. If one principal galaxy
has more than one close companion, we took each possible pair
separately (i.e., if the companion galaxies B and C are close to
the principal galaxy A, we studied the pairs A-B and A-C as in-
dependent). In addition, we imposed a mass difference between
the pair members. We denote the ratio between the mass of the
principal galaxy, M⋆,1, and the companion galaxy, M⋆,2, as
µ ≡ M⋆,2
M⋆,1
(1)
and looked for those systems with M⋆,2 ≥ µM⋆,1. We define as
major companions those close pairs with µ ≥ 1/4, while minor
companions those with 1/10 ≤ µ < 1/4.
With the previous definitions the merger fraction is
fm (≥ µ) =
Np (≥ µ)
N1
, (2)
where N1 is the number of sources in the principal sample, and
Np the number of principal galaxies with a companion that fulfil
the close pair criterion for a given µ. This definition applies to
spectroscopic volume-limited samples. Our samples are volume-
limited, but combine spectroscopic and photometric redshifts. In
a previous work, Lo´pez-Sanjuan et al. (2010a) developed a sta-
tistical method to obtain reliable merger fractions from photo-
metric catalogues. We recall the main points of this methodology
below, while we study its limits when applied to our COSMOS
photometric catalogue in Sect. 3.2.
We used the following procedure to define a close pair
system in our photometric catalogue (see Lo´pez-Sanjuan et al.
2010a, for details): first we search for close spatial companions
of a principal galaxy, with redshift z1 and uncertainty σz1 , as-
suming that the galaxy is located at z1 − 2σz1 . This defines the
maximum θ possible for a given rmaxp in the first instance. If we
find a companion galaxy with redshift z2 and uncertainty σz2 in
the range rp ≤ rmaxp and with a given mass with respect to the
principal galaxy, then we study both galaxies in redshift space.
For convenience, we assume below that every principal galaxy
has, at most, one close companion. In this case, our two galaxies
could be a close pair in the redshift range
[z−, z+] = [z1 − 2σz1 , z1 + 2σz1] ∩ [z2 − 2σz2 , z2 + 2σz2 ]. (3)
Because of variation in the range [z−, z+] of the function dA(z),
a sky pair at z1 − 2σz1 might not be a pair at z1 + 2σz1 . We thus
impose the condition rminp ≤ rp ≤ rmaxp at all z ∈ [z−, z+], and
redefine this redshift interval if the sky pair condition is not sat-
isfied at every redshift. After this, our two galaxies define the
close pair system k in the redshift interval [z−k , z+k ], where the
index k covers all the close pair systems in the sample.
The next step is to define the number of pairs associated at
each close pair system k. For this, we suppose in the following
that a galaxy i in whatever sample is described in redshift space
by a probability distribution Pi (zi | ηi), where zi is the source’s
redshift and ηi are the parameters that define the distribution. If
the source i has a photometric redshift, we assume that
Pi (zi | ηi) = PG (zi | zphot,i, σzphot,i )
=
1√
2πσzphot,i
exp
− (zi − zphot,i)
2
2σ2zphot,i
 , (4)
while if the source has a spectroscopic redshift
Pi (zi | ηi) = PD (zi | zspec,i) = δ(zi − zspec,i), (5)
where δ(x) is delta’s Dirac function. With this distribution we are
able to statistically treat all the available information in z space
and define the number of pairs at redshift z1 in system k as
νk (z1) = Ck P1(z1 | η1)
∫ z+m
z−m
P2(z2 | η2) dz2, (6)
where z1 ∈ [z−k , z+k ], the integration limits are
z−m = z1(1 − ∆vmax/c) − ∆vmax/c, (7)
z+m = z1(1 + ∆vmax/c) + ∆vmax/c, (8)
the subindex 1 [2] refers to the principal [companion] galaxy in
k system, and the constant Ck normalises the function to the total
number of pairs in the interest range
2Nkp =
∫ z+k
z−k
P1(z1 | ηi) dz1 +
∫ z+k
z−k
P2(z2 | η2) dz2. (9)
Note that νk = 0 if z1 < z−k or z1 > z
+
k . The function νk (Eq. [6])
tells us how the number of pairs in the system k, Nkp , are dis-
tributed in redshift space. The integral in Eq. (6) spans those
redshifts in which the companion galaxy has ∆v ≤ ∆vmax for a
given redshift of the principal galaxy.
With previous definitions, the merger fraction in the interval
zr,l = [zl, zl+1) is
fm,l =
∑
k
∫ zl+1
zl
νk(z1) dz1∑
i
∫ zl+1
zl
Pi (zi | ηi) dzi
, (10)
where the index l spans the redshift bins defined over the redshift
range under study. If we integrate over the whole redshift space,
zr = [0,∞), Eq. (10) becomes
fm (≥ µ) =
∑
k Nkp (≥ µ)
N1
, (11)
where
∑
k Nkp is analogous to Np in Eq. (2). In order to esti-
mate the statistical error of fm,l, denoted σstat,l, we used the
jackknife technique (Efron 1982). We computed partial stan-
dard deviations, δk, for each system k by taking the difference
between the measured fm,l and the same quantity with the kth
pair removed for the sample, f k
m,l, such that δk = fm,l − f km,l.
For a redshift range with Np systems, the variance is given by
σ2
stat,l = [(Np − 1)
∑
k δ
2
k]/Np. When Np ≤ 5 we used instead the
Bayesian approach of Cameron (2011), that provides accurate
asymmetric confidence intervals in these low statistical cases.
We checked that for Np > 5 both jackknife and Bayesian meth-
ods provide similar statistical errors within 10%.
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3.1. Dealing with border effects
When we search for close companions near to the edges of the
images it may happen that a fraction of the search volume is
outside of the surveyed area, lowering artificially the number of
companions. To deal with this we selected as principal galax-
ies those in the zCOSMOS area, i.e., in the central 1.6 deg2,
while we selected as companions those in the whole photomet-
ric COSMOS area. This maximise the spectroscopic fraction of
the principal sample and ensures that we have companions inside
all the searching volume.
3.2. Testing the methodology with 20k spectroscopic sources
Following Lo´pez-Sanjuan et al. (2010a), we test in this sec-
tion if we are able to obtain reliable merger fractions from
our COSMOS photometric catalogue. For this, we study the
merger fraction fm in the zCOSMOS-bright 20k sample. The
merger fraction in the 10k sample was studied in details by
de Ravel et al. (2011) and Kampczyk et al. (2011). We define
fspec as the fraction of sources on a given sample with spec-
troscopic redshift. The 20k sample has fspec = 1, while the
COSMOS photometric catalogue has fspec = 0.34 for i+ ≤ 22.5
galaxies. In this section we only use the N = 10542 sources at
0.2 ≤ z < 0.9 with a high reliable spectroscopic redshift from
the 20k sample.
To test our method at intermediate fspec, we created synthetic
catalogues by assigning their measured zphot and σzphot to N(1 −fspec) random sources of the 20k sample (we denote this case as
S = 1 in the following). To explore different values of ∆z, we
assigned to the previous random sources a redshift as drawn for
a Gaussian distribution with median zphot and σ2 = (S 2−1)σ2zphot ,
where S > 1 is the factor by which we increase the initial ∆z of
the sample. In this case, the redshift error of the source is set to
Sσzphot . Then, we measured
δ fm ≡ f
syn
m
f 20km
− 1, (12)
where f 20km is the measured merger fraction in the 20k spectro-
scopic sample at 0.2 ≤ z < 0.9 without imposing any mass or
luminosity difference and f synm is the merger fraction from the
synthetic samples in the same redshift range. When S > 1, we
repeated the process ten times and averaged the results.
We explored several cases with our synthetic catalogues. For
example, we assumed that all sources in the synthetic principal
catalogue (subindex 1) and in the companion one (subindex 2)
have a photometric redshift, fspec,1 = fspec,2 = 0, and that ∆z,1 =
∆z,2 = 0.007 (S 1 = S 2 = 1). We also considered more realistic
cases, as fspec,1 = 0.3 and ∆z,1 = 0.007 (S 1 = 1) for principals,
and fspec,2 = 0 and ∆z,2 = 0.042 (S 2 = 6) for companions. We
found that δ fm is higher than 10% for rmaxp = 30h−1 kpc close
pairs for ∆z,2 & 0.05 (S 2 & 7) and realistic values of ∆z,1. We
checked that | δ fm | . 10% for ∆z,2 ≤ 0.04 and rmaxp = 30h−1
kpc, justifying the upper limit ∆z = 0.04 imposed in Sect. 2.2.
For higher rmaxp the method overestimates the merger fraction by
about 50% in the ∆z,2 = 0.04 case. Because we are interested on
faint companions, we set rmaxp = 30h−1 kpc in the following to
ensure reliable merger fractions.
On the other hand, we found that the σstat of the f synm is
∼ 5% of the measured value, i.e., two times lower than the es-
timated | δ fm | ∼ 10%. Because of this, and to ensure reliable
uncertainties in the merger fractions, we impose a minimum er-
Fig. 4. Merger fraction of MeB ≤ −20 galaxies as a function of
luminosity difference in the B−band, µB, at z ∈ [0.2, 0.65) (top)
and z ∈ [0.65, 0.95) (bottom) for 10h−1 kpc ≤ rp ≤ 30h−1 kpc
close pairs. Diamonds are from present work in COSMOS (pho-
tometric catalogue) while dots are from VVDS-Deep (LS11,
spectroscopic catalogue). The black solid lines in both panels
show the maximum and minimum merger fractions, including
1σfm errors, when we split the COSMOS field in VVDS-Deep
size subfields (∼0.5 deg2).
ror in fm of 10%, and we take as final merger fraction error
σfm = max(0.1 fm, σstat).
In the next section we test further our methodology by
comparing the merger fraction from a spectroscopic survey
( fspec = 1) against that in COSMOS from our photometric cat-
alogue.
3.3. Comparison with merger fractions in VVDS-Deep:
cosmic variance effect
In a previous work in VVDS-Deep, LS11 measured the merger
fraction of MeB ≤ −20 galaxies with spectroscopic redshifts,
where MeB = MB + Qz and Q = 1.1 accounts for the evolution of
the luminosity function with redshift, as a function of luminosity
difference in the B−band, µB = LB,2/LB,1. As an additional test
of our methodology, in this section we compare the merger frac-
tion in the COSMOS photometric catalogue with that measured
by LS11 down to µB = 1/10, reaching the minor merger regime
in which we are interested on. To minimise the systematic bi-
ases, we used the same redshift ranges, zr,1 = [0.2, 0.65) and
zr,2 = [0.65, 0.95), close pair definition (rmaxp = 30h−1 kpc), prin-
cipal sample (MeB ≤ −20), and companion sample (MeB ≤ −17.5)
than LS11. We checked that the photometric redshift errors are
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∆z . 0.04 up to z ∼ 0.95 for faint companion galaxies (see
Sect. 3.2). Note that LS11 use rminp = 5h−1 kpc, while we take
rminp = 10h−1 kpc. Hence, we recomputed the merger fractions
in VVDS-Deep for rminp = 10h−1 kpc. We show the merger frac-
tions from COSMOS and VVDS-Deep for different values of µB
in Fig. 4.
We find that VVDS-Deep and COSMOS merger fractions
are in excellent agreement in the first redshift range, while in
the second redshift range some discrepancies exist, with the
merger fraction in COSMOS being higher than in VVDS-Deep
at µ . 1/5. However, both studies are compatible within er-
ror bars. Note that merger fraction uncertainties in COSMOS
are ∼ 3 times lower than in VVDS-Deep because of the higher
number of principals in COSMOS. We checked the effect of
comic variance in this comparison. For that, we split the zCOS-
MOS area in several VVDS-Deep size (∼0.5 deg2) subfields and
measured the merger fraction in these subfields. The maximum
and minimum values of fm in these subfields, including 1σfm er-
rors, are marked in Fig. 4 with solid lines. We find that, within
1σfm , there is a zCOSMOS subfield with merger properties sim-
ilar to the VVDS-Deep field. Because the zCOSMOS subfields
are contiguous, this exercise provides a lower limit to the actual
cosmic variance in the COSMOS field (e.g., Moster et al. 2011).
Hence, we conclude that our methodology is able to recover re-
liable minor merger fractions from photometric samples in the
COSMOS field.
4. The merger fraction of massive ETGs in the
COSMOS field
The final goal of the present paper is to estimate the role of merg-
ers (minor and major) in the mass assembly and size evolution
of massive ETGs. To facilitate future comparison, we present
first the merger properties of the global massive population in
Sect. 4.1. Then, we focus in the ETGs population in Sect. 4.2.
The evolution of the merger fraction with redshift up to
z ∼ 1.5 is well parametrised by a power-law function (e.g.,
Le Fe`vre et al. 2000; Lo´pez-Sanjuan et al. 2009; de Ravel et al.
2009),
fm (z) = fm,0 (1 + z)m, (13)
so we take this parametrisation in the following.
4.1. The merger fraction of the global massive population
We summarise the minor, major and total merger fractions for
M⋆ ≥ 1011 M⊙ galaxies in the COSMOS field in Table 1 and
we show them in Fig. 5. We defined five redshift bins between
zdown = 0.2 and zup = 0.9 both for minor and major mergers. The
ranges 0.3 < z < 0.375, 0.7 < z < 0.75 and 0.825 < z < 0.85 are
dominated by Large Scale Structures (LSS, Kovacˇ et al. 2010),
so we use these LSS as natural boundaries in our study. This min-
imises the impact of LSS in our measurements, since the merger
fraction depends on environment (Lin et al. 2010; de Ravel et al.
2011; Kampczyk et al. 2011). We identify a total of 56.2 major
mergers and 71.1 minor ones at 0.2 ≤ z < 0.9. Note that the num-
ber of mergers can take non integer values because of the weight-
ing scheme used in our methodology (Sect. 3). We compare the
previous number of mergers (measured as ΣkNkp , Eq. [11]) with
the total number of close pair systems (Np), obtaining that the
fraction of real close pairs over the total number of systems is
∼ 65%. We find that
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Fig. 5. Major (dots), minor (squares) and total (major + mi-
nor, triangles) merger fraction of M⋆ ≥ 1011 M⊙ galaxies as
a function of redshift in the COSMOS field. Dashed, solid and
dott-dashed curves are the least-squares best fit of a power-law
function, fm ∝ (1 + z)m, to the major (mMM = 1.4), minor
(mmm = −0.1) and total (mm = 0.6) merger fraction data, re-
spectively.
• The minor merger fraction is nearly constant with redshift,
fmm ∼ 0.051 . The least-squares fit to the minor merger frac-
tion data is
fmm = (0.052± 0.009)(1+ z)−0.1±0.3. (14)
The negative value of the power-law index implies that the
minor merger fraction decreases slightly with redshift, but
it is consistent with a null evolution (mmm = 0). This con-
firms the trend found by LS11 for bright galaxies, and by
Jogee et al. (2009) and Lotz et al. (2011) for less massive
(M⋆ & 1010 M⊙) galaxies, and extend it to the high mass
regime.
• The major merger fraction of massive galaxies increases with
redshift as
fMM = (0.019 ± 0.003)(1+ z)1.4±0.3. (15)
This increase with z contrasts with the nearly constant mi-
nor merger fraction. In Fig. 6 we compare our measurements
with those from the literature for massive galaxies and for
rmaxp ∼ 30h−1 kpc close pairs. de Ravel et al. (2011) mea-
sure the major merger fraction by rp ≤ 30h−1 kpc spectro-
scopic close pairs in the 10k zCOSMOS sample, so their
sample is included in ours. Because they assume a differ-
ent inner radius than us, we apply a factor 2/3 to their orig-
inal values (see Sect. 5, for details). Both merger fractions
are in good agreement, supporting our methodology. Note
that our uncertainties are lower by a factor of three than
those in de Ravel et al. (2011) because our principal sample
is a factor of four larger than theirs. Xu et al. (2012) mea-
sure the merger fraction from photometric close pairs also
in the COSMOS field. They provide the fraction of galax-
ies in close pairs with µ ≥ 1/2.5, so we apply a factor 0.7
to obtain the number of close pairs (this is the fraction of
principal galaxies in their massive sample) and a factor 1.6
to estimate the number of µ ≥ 1/4 systems (the merger
fraction depends on µ as fm ∝ µs, as shown by LS11, and
s = −0.95 for massive galaxies in COSMOS, Sect. 6.2). On
the other hand, Bundy et al. (2009) and Bluck et al. (2009)
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Fig. 6. Major (µ ≥ 1/4) merger fraction for M⋆ ≥ 1011 M⊙
galaxies from rmaxp ∼ 30h−1 kpc close pairs. The dots are
from present work, triangles are form de Ravel et al. (2011) in
the zCOSMOS 10k sample, squares from Xu et al. (2012) in
the COSMOS field, pentagons from Bluck et al. (2009) in the
Palomar/DEEP2 survey, and diamonds from Bundy et al. (2009)
in the GOODS fields. Some points are slightly shifted when
needed to avoid overlap. The dashed line is the least-squares best
fit of a power-law function, fMM ∝ (1+ z)1.4, to the major merger
fraction data in the present work.
measure the major (µ ≥ 1/4) merger fraction in GOODS4
(Great Observatories Origins Deep Survey, Giavalisco et al.
2004) and Palomar/DEEP2 (Conselice et al. 2007) surveys,
respectively. These studies are also in good agreement with
our values, with the point at z = 0.8 from Bluck et al. (2009)
being the only discrepancy. The least-squeres fit to all the
close pair studies in Fig. 6 yields similar parameters to those
from our COSMOS data alone, Eq. (15).
For completeness, if Fig. 7 we compare our major merger
fractions with other works that are either based on morpho-
logical criteria or come from luminosity-selected samples.
Regarding morphological studies, Bridge et al. (2010) pro-
vide the major merger fraction of M⋆ & 5 × 1010 M⊙ galax-
ies in two CFHTLS5 (Canada-France-Hawaii Telescope
Legacy Survey, Coupon et al. 2009) Deep fields, including
the COSMOS field. They perform a visual classification of
the sources, finding 286 merging systems of that mass. In
their work, Jogee et al. (2009) estimate a lower limit of the
major merger fraction of M⋆ ≥ 2.5 × 1010 M⊙ galaxies
in the GEMS6 (Galaxy Evolution From Morphology And
SEDs, Rix et al. 2004) survey. We cannot compare directly
the merger fractions from these two morphological stud-
ies with ours because of the different methodologies (e.g.,
Bridge et al. 2010; Lotz et al. 2011). Thus, we translate their
merger rates into the expected close pair fraction following
the prescriptions in Sect. 5. Giving the uncertainties in the
merger time scales of both methods and the difficulties to as-
sign a precise mass ratio µ to the merger candidates in mor-
phological studies, the merger fractions from Bridge et al.
(2010) and Jogee et al. (2009) are in nice agreement with our
results.
Kartaltepe et al. (2007) estimate the merger fraction of lu-
minous galaxies (LV ≤ −19.8) in the COSMOS field. They
4 http://www.stsci.edu/science/goods/
5 http://cfht.hawaii.edu/Science/CFHLS/
6 http://www.mpia-hd.mpg.de/GEMS/gems.htm
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Fig. 7. Major merger fraction as a function of redshift. The dots
are from present work for M⋆ ≥ 1011 M⊙ galaxies from 10h−1
kpc ≤ rmaxp ≤ 30h−1 kpc close pairs. The triangles are from
Kartaltepe et al. (2007) in the COSMOS field for MV ≤ −19.8
galaxies from 5h−1 kpc ≤ rmaxp ≤ 20h−1 kpc close pairs. The stars
are from Bridge et al. (2010) in the CFHTLS by morphological
criteria for M⋆ & 5 × 1010 M⊙ galaxies, and crosses are from
Jogee et al. (2009) for M⋆ ≥ 2.5 × 1010 M⊙ galaxies by mor-
phological criteria in GEMS (upward arrows mark those points
that are lower limits). The dashed line is the least-squares best fit
of a power-law function, fMM ∝ (1 + z)1.4, to the major merger
fraction data in the present work. The dotted line is the evolution
from Kartaltepe et al. (2007), fMM ∝ (1 + z)2.8.
take these luminous galaxies to define the principal and the
companion sample, i.e., they are incomplete for low lumi-
nosity major companions near the selection boundary. We
find that both studies in the COSMOS field are compatible
in the common redshift range (0.2 < z < 0.9). The differ-
ent evolution of the major merger fraction in both works,
m = 2.8 in Kartaltepe et al. (2007) vs m = 1.4 in our study,
is due to the z > 0.9 data. We conclude that both studies
are consistent, even if a direct quantitative comparison is not
possible because of the different sample selection and com-
panion definition.
• The fit to the total merger fraction is
fm = (0.067 ± 0.008)(1 + z)0.6±0.3. (16)
This evolution is slower than the major merger one, reflect-
ing the different properties of minor and major mergers. We
compare our total merger fractions with others in the lit-
erature in Fig. 8. Ma´rmol-Queralto´ et al. (2012) study the
total merger fraction of massive galaxies by rmaxp = 70h−1
kpc close companions. The merger fraction depends on the
search radius as fm ∝ r−0.95p (LS11), so we translate the
merger fractions provided by Ma´rmol-Queralto´ et al. (2012)
to our search radius. On the other hand, Newman et al.
(2012) measure the merger fraction of M⋆ ≥ 5 × 1010 M⊙
galaxies from rmaxp = 30h−1 kpc close pairs. The values from
both close pair studies are consistent with ours. Also the re-
sults of Williams et al. (2011) suggest a slow/null evolution
in the total (µ ≥ 1/10) merger faction of massive galaxies up
to z ∼ 2.
Regarding morphological studies, Jogee et al. (2009) esti-
mate the total (µ ≥ 1/10) merger fraction of M⋆ ≥ 2.5 ×
1010 M⊙ galaxies in the GEMS survey. Their values, fm ∼
0.08, are consistent with ours. We also show the merger
fraction from Lotz et al. (2011) for M⋆ ≥ 1010 M⊙ galax-
8
C. Lo´pez-Sanjuan et al.: Mergers and the size evolution of massive ETGs since z ∼ 1
0.2 0.4 0.6 0.8 1.0 1.2
z
0.05
0.10
0.15
0.20
f
m
M⋆ ≥ 10
11 M⊙
µ ≥ 1/10
Fig. 8. Total (major + minor, µ ≥ 1/10) merger fraction as
a function of redshift. Dots are from the present work in the
COSMOS field for M⋆ ≥ 1011 M⊙ galaxies, diamonds are from
Ma´rmol-Queralto´ et al. (2012) for massive galaxies, squares are
from Newman et al. (2012) for M⋆ ≥ 5 × 1010 M⊙ galaxies,
crosses are from Jogee et al. (2009) for M⋆ ≥ 2.5 × 1010 M⊙
galaxies by morphological criteria, and inverted triangles are
from Lotz et al. (2011) for M⋆ ≥ 1010 M⊙ galaxies by morpho-
logical criteria. The dashed line is the least-squares best fit of a
power-law function, fm ∝ (1 + z)0.6, to the total merger fraction
data in the present work.
ies in the AEGIS7 (All-Wavelength Extended Groth Strip
International Survey, Davis et al. 2007) survey. The different
methodologies between these works and ours, and the dif-
ferent stellar mass regimes probed, make direct comparisons
difficult (see Bridge et al. 2010; Lotz et al. 2011, for a review
of this topic). In summary, previous work is compatible with
a mild evolution of the total merger fraction, as we observe.
4.2. The merger fraction of ETGs
We summarise the minor and major merger fractions for both
massive (M⋆ ≥ 1011 M⊙) ETGs and LTGs in the COSMOS field
in Tables 2 and 3, respectively, while we show them in Fig. 9. We
defined five redshift bins between zdown = 0.2 and zup = 0.9 for
ETGs, as for the global population, but only three in the case of
LTGs because of the lower number of principal sources. We do
not split the companion sample by neither morphology or colour
in this section, and we study the properties of the companion
galaxies in Sect. 4.3.
We assume mmm = 0 in the following for the minor merger
fraction, as for the global population (Sect. 4.1). The mean minor
merger fraction of ETGs is f ETmm = 0.060, while f LTmm = 0.023 for
LTGs. There is therefore a factor of three difference between the
merger fractions of early type and late type populations. LS11
also find a similar result when comparing the minor merger frac-
tion of red and blue bright galaxies.
On the other hand, the major merger fraction of ETGs is also
higher than that of LTGs by a factor of two. The fit to the major
merger data yields
f ETMM = (0.020 ± 0.003)(1+ z)1.8±0.3, (17)
f LTMM ∼ 0.003(1+ z)4. (18)
Because we only have three data points for LTGs and of the high
uncertainty in the first redshift bin, the reported value of mMM
7 http://aegis.ucolick.org/
for massive LTGs is only tentative. Nevertheless, that the major
merger fraction of LTGs evolves faster than that of ETGs is in
agreement with previous studies which compare early-types/red
and late-types/blue galaxies (e.g., Lin et al. 2008; de Ravel et al.
2009; Bundy et al. 2009; Chou et al. 2011; LS11).
As shown by Lotz et al. (2011), the merger rate evolution
depends on the selection of the sample, with samples selected to
prove a constant number density population over cosmic time
showing a faster evolution (m ∼ 3) than those with a con-
stant mass selection (m ∼ 1.5). To check the impact of the se-
lection in the merger fraction of ETGs, we computed the ma-
jor and minor merger fraction of ETGs with log (M⋆/M⊙) ≥
11.15 − 0.15z (n-selected sample, in the following). As shown
by van Dokkum et al. (2010), this provides a nearly constant
number-density selection for massive galaxies. We find that the
major and minor merger fractions from the n-selected sam-
ple are compatible with those from the mass-selected sample.
Regarding their evolution, the major merger fraction evolves
faster in the n-selected sample, m = 2.5 ± 0.4, that in the mass-
selected sample, m = 1.8 ± 0.3, as expected. The minor merger
fraction remains the same, fmm = 0.064±0.006 (n-selected sam-
ple) vs fmm = 0.060±0.008 (mass-selected sample). In addition,
we checked that the results presented in Sect. 6 remain the same
when we use the merger fractions from the n−selected sample
instead of those from the mass-selected one. Therefore, we con-
clude that the selection of the massive ETGs sample has limited
impact in our results.
In summary, the merger fraction of massive (M⋆ ≥ 1011 M⊙)
ETGs, both major and minor, is higher by a factor of 2-3 than
that of massive LTGs (see also Ma´rmol-Queralto´ et al. 2012, for
a similar result). We estimate the merger rate of ETGs in Sect. 5.
4.3. Colour properties of companion galaxies
In this section we attempt to identify the types of galaxies in
the companion population. As the morphological classification
is not reliable for all companions because they are faint, we in-
stead use a colour selection. We took as red (quiescent) com-
panions those with SED (rest-frame, dust reddening corrected)
colour NUV − r+ ≥ 3.5, while as blue (star-forming) those with
NUV − r+ < 3.5 (see Ilbert et al. 2010, for details), and we mea-
sured the fraction of red companions ( fred) of massive galaxies
at 0.2 ≤ z < 0.9.
We find that 62% of the companions of the whole principal
sample are red, while ∼ 38% are blue. Furthermore, the red frac-
tion remains nearly the same for minor ( fred = 60%) and major
( fred = 64%) companions. When we repeated the previous study
focusing on massive ETGs as principals, we find fred ∼ 65%,
both for minor and major companions. Because ∼ 95% of our
massive ETGs are also red, most of the ETG close pairs are ”dry”
(i.e., red - red).
5. The merger rate of massive ETGs in the
COSMOS field
In this section we estimate the minor (Rmm) and major (RMM)
merger rate, defined as the number of mergers per galaxy and
Gyr, of massive ETGs. We recall here the steps to compute the
merger rate from the merger fraction, focusing first on the major
merger rate.
Following de Ravel et al. (2009), we define the major merger
rate as
RMM = fMM Cp Cm T−1MM, (19)
9
C. Lo´pez-Sanjuan et al.: Mergers and the size evolution of massive ETGs since z ∼ 1
Table 1. Minor, major and total merger fraction of M⋆ ≥ 1011 M⊙ galaxies
Merger fraction z = 0.29 z = 0.46 z = 0.65 z = 0.77 z = 0.86
0.2 ≤ z < 0.36 0.36 ≤ z < 0.57 0.57 ≤ z < 0.73 0.73 ≤ z < 0.83 0.83 ≤ z < 0.9
fMM 0.031 ± 0.011 0.030 ± 0.008 0.035 ± 0.007 0.040 ± 0.009 0.056 ± 0.009
fmm 0.056 ± 0.015 0.042 ± 0.009 0.047 ± 0.008 0.060 ± 0.010 0.045 ± 0.008
fm 0.087 ± 0.017 0.072 ± 0.011 0.083 ± 0.009 0.100 ± 0.012 0.101 ± 0.010
Table 2. Minor and major merger fraction of ETGs with M⋆ ≥ 1011 M⊙
Merger fraction z = 0.29 z = 0.48 z = 0.67 z = 0.77 z = 0.86
0.2 ≤ z < 0.36 0.36 ≤ z < 0.57 0.57 ≤ z < 0.73 0.73 ≤ z < 0.83 0.83 ≤ z < 0.9
f ETMM 0.033 ± 0.012 0.041 ± 0.011 0.041 ± 0.009 0.053 ± 0.012 0.070 ± 0.012f ETmm 0.056 ± 0.016 0.054 ± 0.011 0.049 ± 0.009 0.068 ± 0.013 0.070 ± 0.011
Table 3. Minor and major merger fraction of LTGs with M⋆ ≥ 1011 M⊙
Merger fraction z = 0.39 z = 0.62 z = 0.81
0.2 ≤ z < 0.5 0.5 ≤ z < 0.7 0.7 ≤ z < 0.9
f LTMM 0.010+0.021−0.003 0.013 ± 0.008 0.029 ± 0.009f LTmm 0.023+0.021−0.008 0.019 ± 0.009 0.029 ± 0.009
where the factor Cp takes into account the lost companions in
the inner 10h−1 kpc (Bell et al. 2006) and the factor Cm is the
fraction of the observed close pairs that finally merge in a typ-
ical time scale TMM. We take Cp = 3/2. The typical merger
time scale depends on rmaxp and can be estimated by cosmo-
logical and N-body simulations. In our case, we compute the
major merger time scale from the cosmological simulations of
Kitzbichler & White (2008), based on the Millennium simula-
tion (Springel et al. 2005). This major merger time scale refers
to major mergers (µ > 1/4 in stellar mass), and depends mainly
on rmaxp and on the stellar mass of the principal galaxy, with
a weak dependence on redshift in our range of interest (see
de Ravel et al. 2009, for details). Taking log (M⋆/M⊙) = 11.2
as the average stellar mass of our principal galaxies with a close
companion, we obtain TMM = 1.0 ± 0.2 Gyr for rmaxp = 30h−1
kpc and ∆vmax = 500 km s−1. We assumed an uncertainty of
0.2 dex in the average mass of the principal galaxies to esti-
mate the error in TMM. This time scale already includes the fac-
tor Cm (see Patton & Atfield 2008; Bundy et al. 2009; Lin et al.
2010, LS11), so we take Cm = 1 in the following. In addition,
LS11 show that time scales from Kitzbichler & White (2008) are
equivalent to those from the N−body/hydrodynamical simula-
tions by Lotz et al. (2010b), and that they account properly for
the observed increase of the merger fraction with rmaxp (see also
de Ravel et al. 2009). We stress that these merger time scales
have an additional factor of two uncertainty in their normalisa-
tion (e.g., Hopkins et al. 2010c; Lotz et al. 2011).
The minor merger rate is
Rmm = fmm Cp Cm T−1mm, (20)
where Tmm = Υ × TMM. Following LS11, we take Υ =
1.5±0.1 from the N−body/hydrodynamical simulations of major
and minor mergers performed by Lotz et al. (2010b,a, see also
Lotz et al. 2011). As for major mergers, we assume Cp = 3/2
and Cm = 1.
We summarise the major and minor merger rates of massive
ETGs in Table 4, and show them in Fig. 10. We parametrise their
redshift evolution as
Rm (z) = Rm,0 (1 + z)n. (21)
Assuming nmm = 0 for minor mergers, as for the merger
fraction (Sect. 4.2), we find RETmm = 0.060 ± 0.008 Gyr−1. The fit
to the major merger rate of massive ETGs is
RETMM = (0.030 ± 0.006) (1+ z)1.8±0.3 Gyr−1. (22)
Our results imply that the minor merger rate is higher than the
major merger one at z . 0.5. In addition, the minor and major
merger rates of massive ETGs are ∼ 20% higher than for the
global population.
In Fig. 10 we also show the minor and major merger rates of
red bright galaxies measured by LS11. We find that red galax-
ies have similar merger rates, both minor and major, than our
massive ETGs. This suggests that massive red sequence galax-
ies have similar merger properties: nearly 95% of our ETGs
are red, while the mean mass of the red galaxies in LS11 is
M⋆,red ∼ 1010.8 M⊙, a factor of two less massive than our ETGs,
M⋆,ET ∼ 1011.2 M⊙. The study of the merger properties of the
red sequence galaxies as a function of stellar mass is beyond the
scope of this paper and we explore this issue in a future work.
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Table 4. Minor and major merger rate of ETGs with M⋆ ≥ 1011 M⊙
Merger rate z = 0.29 z = 0.48 z = 0.67 z = 0.77 z = 0.86
(Gyr−1) 0.2 ≤ z < 0.36 0.36 ≤ z < 0.57 0.57 ≤ z < 0.73 0.73 ≤ z < 0.83 0.83 ≤ z < 0.9
RETMM 0.049 ± 0.020 0.061 ± 0.021 0.062 ± 0.018 0.080 ± 0.024 0.105 ± 0.028
RETmm 0.056 ± 0.020 0.054 ± 0.016 0.049 ± 0.014 0.068 ± 0.019 0.070 ± 0.018
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Fig. 9. Major (upper penel) and minor (lower panel) merger frac-
tions of M⋆ ≥ 1011 M⊙ galaxies as a function of redshift and
morphology. Dots are for ETGs, while squares are for LTGs.
Dashed (solid) lines are the best fit to the ETGs (LTGs) data,
while dotted lines are the fits for the global population.
6. The role of mergers in the evolution of massive
ETGs since z = 1
In this section we use the previous merger rates to estimate
the number of minor and major mergers per massive (M⋆ ≥
1011 M⊙) ETG since z = 1 (Sect. 6.1) and the impact of mergers
in the mass growth (Sect. 6.2) and size evolution (Sect. 6.3) of
ETGs in the last ∼8 Gyr.
6.1. Number of minor mergers since z = 1
We can obtain the average number of minor mergers per ETG
between z2 and z1 < z2 as
NETmm(z1, z2) =
∫ z2
z1
RETmm dz
(1 + z)H0E(z) , (23)
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Fig. 10. Major (upper panel) and minor (lower panel) merger rate
of M⋆ ≥ 1011 M⊙ ETGs as a function of redshift. Filled symbols
are from the present work, while open ones are from LS11 in
VVDS-Deep for red galaxies. Dashed lines are the best fit to the
ETGs data, while dotted lines are the fits for the global popula-
tion.
where E(z) =
√
ΩΛ + Ωm(1 + z)3 in a flat universe. The defini-
tion of NETMM for major mergers is analogous. Using the merger
rates in previous section, we obtain NETm = 0.89 ± 0.14, with
NETMM = 0.43 ± 0.13 and NETmm = 0.46 ± 0.06 between z = 1 and
z = 0. The number of minor mergers per massive ETGs since
z = 1 is therefore similar to the number of major ones. Note
that these values and those reported in the following have an ad-
ditional factor of two uncertainty due to the uncertainty on the
merger time scales derived from simulations (Sect. 5).
The number of major mergers per red bright galaxy mea-
sured by LS11 is NredMM = 0.7±0.2, higher than our measurement,
while the number of minor mergers is similar, Nredmm = 0.5 ± 0.2.
The discrepancy in the major merger case can be explained by
the evolution of the merger rate in both studies, since LS11 as-
sumed nredMM = 0 and we measure n
ET
MM = 1.8.
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On the other hand, LTGs have a significantly lower number
of mergers, NLTm ∼ 0.35, with NLTMM ∼ 0.15 and NLTmm ∼ 0.20. We
refer the reader to LS11 for the discussion about the role of ma-
jor and minor mergers in the evolution of LTGs. In their work,
Pozzetti et al. (2010) find that almost all the evolution in the stel-
lar mass function since z ∼ 1 is a consequence of the observed
star formation (see also Vergani et al. 2008), and estimate that
Nm ∼ 0.7 mergers since z ∼ 1 per log (M⋆/M⊙) ∼ 10.6 galaxy
are needed to explain the remaining evolution. Their result is
similar to our direct estimation for the global massive population
(ETGs + LTGs), Nm = 0.75 ± 0.14, but they infer NMM < 0.2.
This value is half of ours, NMM = 0.36 ± 0.13, pointing out that
close pair studies are needed to understand accurately the role of
major/minor mergers in galaxy evolution.
6.2. Mass assembled through mergers since z = 1
Following LS11, we estimate the mass assembled due to mergers
by weighting the number of mergers in the previous section with
the average major (µMM) and minor merger (µmm) mass ratio,
δM⋆(z) ≡ M⋆(0)M⋆(z) − 1 = µMMN
ET
MM(0, z) + µmmNETmm(0, z). (24)
To obtain the average mass ratios we measured the merger frac-
tion of massive ETGs at 0.2 ≤ z < 0.9 for different values of µ,
from µ = 1/2 to 1/10. Then, we fitted to the data a power-law,
fm (≥ µ) ∝ µs, and used the prescription in LS11 to estimate the
average merger mass ratio from the value of the power-law index
s. Following those steps we find s = −0.95 for massive ETGs in
COSMOS, while the average merger mass ratios are µMM = 0.48
and µmm = 0.15, similar to those values reported by LS11. With
all previous results we obtain that mergers with µ ≥ 1/10 in-
crease the stellar mass of massive ETGs by δM⋆ = 28 ± 8%
since z = 1. LS11 find δM⋆(1) = 40 ± 10% for red bright galax-
ies in VVDS-Deep, consistent with our measurement within er-
rors. We note that they use B−band luminosity as a proxy of
stellar mass, so their value is an upper limit due to the lower
mass-to-light ratio of blue companions. Bluck et al. (2012) study
the major and minor (µ ≥ 1/100) merger fraction of massive
galaxies at 1.7 < z < 3 in GNS8 (GOODS NICMOS Survey,
Conselice et al. 2011). They extrapolate their results to lower
redshifts, estimating δM⋆(1) = 30 ± 25% for µ ≥ 1/10 merg-
ers. Their value is in good agreement with our measurement, but
its large uncertainty prevents a quantitative comparison.
The relative contribution of major/minor mergers to our
inferred mass growth is 75%/25% because the average ma-
jor merger is three times more massive than the average mi-
nor one, as already pointed out by LS11. In their cosmological
model, Hopkins et al. (2010a) predict that the relative contribu-
tion of major and minor mergers in the spheroids assembly of
log (M⋆/M⊙) ∼ 11.2 galaxies is ∼ 80%/20%, in good agreement
with our observational result.
On the other hand, several authors have studied luminos-
ity functions and clustering to constrain the evolution of lu-
minous red galaxies (LRGs) with redshift, finding that LRGs
have increased their mass δM⋆ ∼ 30%−50% by merging since
z = 1 (Brown et al. 2007, 2008; Cool et al. 2008). Their re-
sults are similar to our direct estimation, but we must take
this agreement with caution. Tal et al. (2012) show that LRGs
have a lack of major companions, excluding major mergers as
an important growth channel (see also De Propris et al. 2010).
8 http://www.nottingham.ac.uk/astronomy/gns/
Typically LRGs have L & 3L∗, and a low impact of major merg-
ers in this systems is indeed expected by cosmological mod-
els, where the contribution of major mergers in galaxy mass as-
sembly peaks at ∼ M∗⋆ (Khochfar & Silk 2009; Hopkins et al.
2010a; Cattaneo et al. 2011). Thus, even if the values of δM⋆
are similar for LRGs and our massive galaxies, they could have
a different origin. A better approach to estimate indirectly the
impact of mergers in mass growth is to study the evolution
of massive red galaxies at a fixed number density: because
they are red (i.e., they have low star formation), their mass is
expected to grow only by merging. Following this approach,
van Dokkum et al. (2010) and Brammer et al. (2011) estimate
δM⋆(1) ∼ 40% for massive galaxies in the NEWFIRM Medium-
Band Survey9 (van Dokkum et al. 2009). Their result represents
the integral over all possible µ values, so in combination with our
δM⋆(1) ∼ 30% for µ ≥ 1/10, this would imply that (i) µ ≥ 1/10
mergers dominates the mass assembly of massive galaxies since
z = 1 and (ii) there is room for an extra δM⋆ ∼ 10% growth due
to very minor mergers (µ < 1/10).
6.3. Size growth due to mergers since z = 1
Since the first results of Daddi et al. (2005) and Trujillo et al.
(2006), several authors have studied in details the size evolution
of massive ETGs with cosmic time. It is now well established
that ETGs were smaller, on average, than their local counterparts
of a given stellar mass by a factor of two at z = 1 and of four at
z = 2 (Sect. 1). The size evolution is usually parametrised as
δre (z) ≡ re (z)
re(0) = (1 + z)
−α, (25)
where re is the effective radius of the galaxy. Despite of all ob-
servational efforts, the value of α is still in debate, spanning
the range α = 0.9 − 1.5 (see references in Sect. 1), as well as
its dependency on stellar mass (massive galaxies evolve faster,
Williams et al. 2010, or not, Damjanov et al. 2011). In the fol-
lowing we assume as fiducial α value the value reported by
van der Wel et al. (2008) from a combination of several analy-
sis, α = 1.2 (δre = 0.43 at z = 1), with an uncertainty of 0.2
(dott-dashed line in Fig. 11).
Two main effects could explain the size evolution of ETGs:
the progenitor bias and genuine size growth. The number
density of massive (red) galaxies at z = 2 is ∼ 15 −
30% of that in the local universe (e.g., Arnouts et al. 2007;
Pe´rez-Gonza´lez et al. 2008; Williams et al. 2010; Ilbert et al.
2010), and those ETGs that have reached the red sequence
at later times are systematically more extended than those
which did it at high redshift. This effect is called the pro-
genitor bias and mimic a size growth (see van der Wel et al.
2009a; Valentinuzzi et al. 2010a,b; Cassata et al. 2011, for fur-
ther datails). Both van der Wel et al. (2009a) and Saglia et al.
(2010) estimate that the progenitor bias of massive ETGs ac-
counts for a factor 1.25 (δre = 0.8) of the size evolution since
z = 1, and we assume this value in the following.
Regarding size growth, several authors have suggested that
compact galaxies at z ∼ 2 are the cores of present day mas-
sive ellipticals, and that they increase their size by adding stel-
lar mass in the outskirts of the compact high redshift galaxy
(Bezanson et al. 2009; Hopkins et al. 2009a; van Dokkum et al.
2010; Weinzirl et al. 2011). The fact that the more com-
pact galaxies at z ∼ 0.1 (Trujillo et al. 2009) and z ∼ 1
(Martinez-Manso et al. 2011) have similar young ages (∼ 1 −
9 http://www.astro.yale.edu/nmbs/Overview.html
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2 Gyr), combined with their paucity in the local universe
(Trujillo et al. 2009; Taylor et al. 2010; Cassata et al. 2011) also
support the size evolution of these systems along cosmic time.
Mergers, specially the minor ones, have been proposed to ex-
plain this evolution (e.g., Naab et al. 2009; Bezanson et al. 2009;
Hopkins et al. 2010b; Weinzirl et al. 2011). Adiabatic expan-
sion due to AGN activity (Fan et al. 2010) or stellar evolution
(Damjanov et al. 2009) could also play a role. Thanks to our di-
rect measurements of the minor and major merger rate of mas-
sive ETGs, we are able to explore the contribution of mergers to
the size growth of these galaxies in the last ∼ 8 Gyr.
Theory and simulations show that equal-mass mergers be-
tween two spheroidal galaxies are less effective in increasing
the size of ETGs than a major/minor merger with a less dense
galaxy, both spiral and spheroidal. In the first case the increase
in size is proportional to the accreted mass, re ∝ Mβ⋆, with β = 1,
while in the second case the index β is higher and spans a wide
range, β ∼ 1.5 − 2.5 (e.g., Bezanson et al. 2009; Hopkins et al.
2010b). In our case, we estimate β for a given µ from the relation
between the initial (re,i) and the final effective radius (re,f) of an
ETG in a merger process derived by Fan et al. (2010),
re,f
re,i
=
(1 + µ)2
1 + µ2−ǫ
= (1 + µ)β, (26)
where ǫ is the slope of the stellar mass vs size relation. In their
work, Damjanov et al. (2011) find ǫ = 0.51 for early-type galax-
ies in the range 0.2 < z < 2 (see also Williams et al. 2010;
Newman et al. 2012), similar to the ǫ = 0.56 from Shen et al.
(2003) in SDSS10 (Sloan Digital Sky Survey, Abazajian et al.
2009) or the ǫ ∼ 0.5 expected from the Faber-Jackson relation
(Faber & Jackson 1976). However, not all the observed mergers
are between two early-type galaxies. Using colour as a proxy for
the morphology of our companion galaxies, we find that 65%
of the mergers are ”dry” (red - red), while 35% are ”mixed”
(red - blue), for both major and minor mergers (Sect. 4.3). In
the mixed case we use ǫ = 0.27, a value estimated from the
data of Shen et al. (2003) for late-type galaxies in our mass
range of interest. Finally, we obtain the β for a given µ as
0.65βdry + 0.35βmixed. Using the average mass ratios µMM and
µmm in Sect. 6.2, we find βMM = 1.30 for major mergers and
βmm = 1.65 for minor ones.
Following Eq. (24), we trace the mass growth of massive
ETGs with redshift for both minor, δM⋆,mm(z), and major merg-
ers, δM⋆,MM(z). Then, we translate these mass growths to a size
growth with the previous values of β,
δrme (z) = [1 + δM⋆,MM(z)]−βMM × [1 + δM⋆,mm(z)]−βmm . (27)
Finally, we estimate the contribution of mergers to the total size
evolution since z = 1 as
∆re =
1 − δrme (1)
1 − δre(1) . (28)
This model yields a size evolution due to mergers of
δrme (1) = 0.70 (α = 0.52 ± 0.12, solid line in Fig. 11). This
implies that observed major and minor mergers can explain
∆re ∼ 55% of the size evolution in massive ETGs since z ∼ 1. In
the following, all quoted ∆re have a typical ∼ 15% uncertainty
due to the errors in the merger rates and in the observed size
evolution.
10 http://www.sdss.org/
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Fig. 11. Effective radius normalised to its local value, δre, as a
function of redshift. The dott-dashed line is the observational
evolution from van der Wel et al. (2008), δre = (1 + z)−1.2. The
solid line is the evolution due to major and minor mergers
(µ ≥ 1/10) expected from our results. The shaded areas in both
cases mark the 68% confidence interval. The dotted line is the
expected evolution when the progenitor bias (PB) is taken into
account. The dashed line is the expected evolution when PB and
very minor mergers (µ < 1/10) are included (see text for details).
We take into account the progenitor bias by applying a linear
function to the previous size growth due to mergers (dotted line
in Fig. 11),
δrPBe (z) = (1 − 0.2z) × δrme (z). (29)
We obtain δrPBe (1) = 0.56 (α = 0.84 ± 0.12), thus explaining
∆re ∼ 75% of the size evolution with our current observations.
We note that this value is similar to the δre(1) = 0.63 estimated
by the simple model of van der Wel et al. (2009a), which only
includes the progenitor bias and a merger prescription from cos-
mological simulations. The remaining ∆re ∼ 25% of the evolu-
tion should be explained by other physical processes (e.g., very
minor mergers with µ < 1/10 or adiabatic expansion) or by
systematic errors in the measurements (e.g., lower merger time
scales or an overestimation of the size evolution). We explore
these processes/systematics in the following.
• Very minor mergers (µ < 1/10). Cosmological simula-
tions find that µ ≥ 1/10 mergers are not the more com-
mon ones, with the merger history of massive galaxies be-
ing dominated by µ < 1/10 mergers (Shankar et al. 2010;
Jime´nez et al. 2011; Oser et al. 2012). However, in this sim-
ulations the mass accretion is dominated by µ ≥ 10 events
due to the low mass of the very minor companions. As we
show in Sect. 6.2, a mass growth of δM⋆ ∼ 10% due to very
minor mergers since z = 1 is compatible with the observed
mass assembly of massive red galaxies (van Dokkum et al.
2010; Brammer et al. 2011). This translates to Nvm ∼ 4 very
minor mergers per massive ETG since z ∼ 1 (we assumed
that very minor mergers have 1/100 ≤ µ < 1/10 and esti-
mated that µvm ∼ 0.025 = 1/40 following the prescriptions
in Sect. 6.2). Note that we can increase arbitrarily the number
of very minor mergers by lowering µvm, but not their contri-
bution to the mass growth, which is fixed. We checked that
the conclusions in this section are independent of µvm.
We estimate βvm = 1.85 for very minor mergers, thus ob-
taining an extra size growth of ∆re ∼ 20% due to mergers,
δrme (1) = 0.58 and α = 0.78 ± 0.12 when all µ values are
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taken into account. Hence, mergers since z ∼ 1 may explain
∆re ∼ 75% of the observed size evolution, while ∆re ∼ 95%,
with δrPBe (1) = 0.47 and α = 1.1, when the progenitor bias
is taken into account (dashed line in Fig. 11). In this picture,
nearly half of the evolution due to mergers is related to mi-
nor (µ < 1/4) events. This result reinforces our conclusion
that mergers are the main contributors to the size evolution
of massive ETGs since z = 1, but observational estimations
of the very minor merger rate (µ < 1/10) are needed to con-
straint their role. As a first attempt, Ma´rmol-Queralto´ et al.
(2012) find that the merger fraction of massive galaxies at
z . 1 for µ ≥ 1/100 satellites is two times that of µ ≥ 1/10
satellites. That suggests Nvm ∼ 1, and an additional contribu-
tion for even smaller satellites (µ < 1/100) could be possible.
• Adiabatic expansion. This will occur in a relaxed system
that is losing mass. As mass is lost the potential becomes
shallower, so the system expands into a new stable equilib-
rium. The amount that a system expands depends on both
the ejected mass (M⋆,eject) and on the time scale of the pro-
cess (Teject). Fan et al. (2008, 2010) suggest adiabatic ex-
pansion due to quasar activity and/or supernova winds as
an alternative process to explain the size growth of massive
early-types, specially at z & 1. These processes occur on
very short time scales after the formation of the spheroid
(Teject . 0.5 Gyr, Ragone-Figueroa & Granato 2011), so
we expect those galaxies with stellar populations older than
∼ 1 Gyr to be already located in the local stellar mass-size
relation. This is not supported by observations, in which
galaxies older than & 3 Gyr at z ∼ 1 are still smaller
than the local ones (see Trujillo et al. 2011, for details).
Interestingly, minor mergers with gas-rich satellites (∼ 35%
of our observed mergers) could trigger recent star formation
and AGN activity in massive early types (e.g., Kaviraj et al.
2009; Ferna´ndez-Ontiveros et al. 2011), therefore favouring
some degree of adiabatic expansion and adding an extra size
growth to the merging process. Devoted N-body simulations
are needed to explore this topic in details.
It is also to be noted that the mass loss due to stellar winds
from the passive evolution of stellar populations in a galaxy
may lead to adiabatic expansion (Damjanov et al. 2009).
Ragone-Figueroa & Granato (2011) show that a typical mas-
sive galaxy is able to eject enough mass due to galactic winds
to increase its size by a factor of 1.2 in ∼ 8 Gyr. This result
assumes that the potential of the galaxy is not able to retain
any of the ejected mass, so this could indicate that at most
∆re ∼ 20% of the size evolution since z = 1 could be ex-
plained by stellar winds.
• Overestimation of the size evolution. Results from
Martinez-Manso et al. (2011) suggest that the photometric
stellar masses of Trujillo et al. (2007) are an order of mag-
nitude higher than those estimated from velocity dispersion
measurements. This does not erase the size evolution, but
makes it smaller (massive galaxies are more extended than
less massive ones at a given redshift, e.g., Damjanov et al.
2011). Taking dynamical masses (Mdym) as a reference in-
stead of photometric ones, van der Wel et al. (2008) find α =
0.98± 0.11, smaller than the α = 1.20 found by the same au-
thors from photometric studies. The same trend is found by
Saglia et al. (2010) from the ESO Distant Cluster Survey11
(EDisCS; White et al. 2005) galaxies: α ∼ 0.65 from dynam-
ical masses vs α ∼ 0.85 from stellar masses after the progen-
itor bias is accounted for. Finally, Newman et al. (2010) find
11 http://www.mpa-garching.mpg.de/galform/ediscs/index.shtml
α ∼ 0.75 for Mdym ≥ 1011 M⊙ galaxies. Assuming these
smaller α values from dynamical masses, major and minor
mergers account for ∆re ∼ 65% of the size evolution, and all
the evolution is explained when the progenitor bias and very
minor mergers are taken into account.
It is also possible that the extended, low-surface bright-
ness envelopes of high-z galaxies were missed and their re
were correspondingly underestimated. However, deep obser-
vations in the near infrared (optical rest-frame) from space
(Szomoru et al. 2010; Cassata et al. 2010; Weinzirl et al.
2011) and from ground-based facilities with adaptive optics
(Carrasco et al. 2010) confirm the compactness of 1 . z . 3
massive galaxies.
On the other hand, also higher values of α than our fiducial
value α = 1.2 ± 0.2 are present in the literature. For ex-
ample, Buitrago et al. (2008) find α = 1.51 ± 0.04 at z < 2,
while Damjanov et al. (2011) find α = 1.62±0.34. Assuming
α = 1.5, µ ≥ 1/10 mergers would explain ∆re ∼ 45% of
the size evolution, while the addition of very minor mergers
would increase the role of mergers up to ∆re ∼ 65%. In that
case, the contribution of other processes would increases to
∆re ∼ 20%. Thus, even if the size evolution is faster than our
fiducial α value, mergers would be still the dominant mech-
anism.
• Merger time scale. The main uncertainty in our merger
rates is the assumed merger time scale, which typically
has a factor of two uncertainty in their normalisation (e.g.,
Hopkins et al. 2010c). The TMM from Kitzbichler & White
(2008) are typically longer than others in the literature
(e.g., Patton & Atfield 2008; Lin et al. 2010) or similar to
those from N-body/hydrodynamical simulations (Lotz et al.
2010b,a). Thus, we expect, if anything, a shorter TMM, which
implies a larger role of mergers in size evolution (i.e., higher
merger rates and number of mergers since z ∼ 1). In fact,
a shorter TMM by a factor of 1.5 is enough to explain the
observed mass growth and size evolution without the contri-
bution of very minor mergers.
• Uncertainties in β. Equation (26), which we used to de-
rive the values of β in our model, assumes parabolic orbits
and dissipationless (gas-free) mergers. About the first as-
sumption, Khochfar & Burkert (2006) and Wetzel & White
(2010) show that most dark matter halos in cosmological
simulations merge on parabolic orbits. On the other hand,
we find that ∼ 65% of our mergers are dry, but the other
∼ 35% are mixed and an extra dissipative component is
present (Sect 4.3). In these cases simulations suggest that β
should be higher than derived from Eq. (26), even reaching
β ∼ 2.5 (Hopkins et al. 2010b). This does not change our
conclusions because it translates to a higher size evolution
due to mergers. In addition, Oser et al. (2012) show that the
size growth expected from Eq. (26) is in nice agreement with
the growth measured in hydrodynamical simulations settled
in a cosmological contest.
In summary, our results suggest that merging is the main con-
tributor to the size evolution of massive ETGs, accounting for
∆re ∼ 50%−75% of the observed evolution since z ∼ 1. Nearly
half of the evolution due to mergers is related to minor (µ < 1/4)
events.
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6.3.1. Additional constraints from velocity dispersion
evolution
In addition to their mass and size, the velocity dispersion (σ⋆) of
ETGs evolves with redshift as δσ⋆(z) = σ⋆(z)/σ⋆(0) = (1+ z)a.
We assume a = 0.4 ± 0.1 in the following (δσ⋆ = 1.32 at z =
1, Cenarro & Trujillo 2009; Cappellari et al. 2009; Saglia et al.
2010; van de Sande et al. 2011). When we apply our simple
model using the prescriptions of Fan et al. (2010) for the evo-
lution of σ⋆ in merger events, µ ≥ 1/10 mergers are only
able to explain 15% of the observed evolution, δσm⋆ (1) = 1.05.
Hopkins et al. (2009b) propose another prescription to trace the
evolution in σ⋆ from the evolution in size that takes into account
the dark matter component of the galaxy,
δσm⋆ (z) =
√
γ + 1/δrme (z)
1 + γ
, (30)
where γ ∼ 1 for M⋆ ∼ 1011 M⊙ galaxies. Using this prescription,
the evolution of σ⋆ is faster, but we still explain only ∼ 35% of
the observed evolution, δσm⋆ (1) = 1.10 (solid line in Fig. 12).
The addition of very minor mergers increase the contribution
to ∼ 50%, δσm⋆ (1) = 1.16 (dotted line in Fig. 12). However,
a small change of σ⋆ due to mergers is consistent with the
picture from Bernardi et al. (2011). They study in details the
colour−M⋆ and colour−σ⋆ relation of ETGs in SDSS, finding
that M⋆ ∼ 2 × 1011 M⊙ is a transition mass (Mtran) for which the
curvature of the colour−M⋆ relation change, while no deviation
is present in the colour−σ⋆ relation. These authors claim that
(dry) mergers are the main process in the evolution of those
ETGs with M⋆ & Mtran ∼ M∗⋆ (see also van der Wel et al.
2009b; Lo´pez-Sanjuan et al. 2010b; Oesch et al. 2010;
Eliche-Moral et al. 2010; Me´ndez-Abreu et al. 2012, for a
similar conclusion), as our results also suggest.
One missing ingredient in the model described in this sec-
tion is the progenitor bias: new early-types which appeared
since z ∼ 1 are not only more extended that previous ones, but
also have a lower velocity dispersion (van der Wel et al. 2009a).
Thus, the progenitor bias also mimic a decrease of σ⋆ with cos-
mic time. The results of Saglia et al. (2010) suggest that a factor
of 1.1 in the σ⋆ evolution is due to the progenitor bias. Applying
this extra evolution as a factor 1+0.1z to that from mergers (very
minor ones included), we are able to explain 90% of the increase
in velocity dispersion, δσPB⋆ (1) = 1.28 (dashed line in Fig. 12).
Including this, our model is compatible with the observed evo-
lution and suggests that mergers and the progenitor bias have a
similar contribution to σ⋆ evolution, somewhat different from
the dominant role of mergers in size evolution.
6.3.2. Additional constraints from Se´rsic index evolution
Other structural parameters of ETGs, as the Se´rsic index ns
(Se´rsic 1968), also evolve with redshift. Depending on the value
of ns, galaxies can be described as disc-like with a ns = 1 expo-
nential profile or bulge-like with higher ns values, where ellipti-
cals are expected to have ns = 4 profiles. We refer to the change
in the Se´rsic index with redshift as
∆ns(z) = ns(0) − ns(z), (31)
where ns(z) is the Se´rsic index at redshift z. Several studies find
that the Se´rsic index of the global massive population decreases
with redshift (e.g., van Dokkum et al. 2010; Weinzirl et al. 2011;
Buitrago et al. 2011), evolving from ns(1) ∼ 3 to ns(0) ∼
6, ∆ns(1) ∼ 3. Focusing on massive ETGs, the study of
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All µ + PB
δσ⋆ = (1 + z)0.4
Fig. 12. Velocity dispersion normalised to its local value, δσ⋆,
as a function of redshift. The dott-dashed line is the observed
evolution, δσ⋆ = (1 + z)0.4. The shaded area marks the 68%
confidence interval. The solid line is the evolution due to major
and minor mergers (µ ≥ 1/10) expected from our results. The
dotted line is the expected evolution when very minor mergers
(µ < 1/10) are taken into account. The dashed line is the ex-
pected evolution when very minor mergers and the progenitor
bias (PB) are included (see text for details).
Buitrago et al. (2011) find an evolution in ns consistent with
∆ns(z) = 1.4z up to z ∼ 2.5, and we take this evolution as a
reference.
We used the theoretical results in Hopkins et al. (2010b) to
estimate the change in the Se´rsic index of ETGs since z ∼ 1 due
to mergers. We took their results for minor mergers/late accre-
tion as representative, so we can roughly estimate ∆ns(z) for a
given increase in effective radius (their Fig. 3). From the values
of δrme estimated in Sect. 6.3, we expect ∆ns(1) ∼ 1 − 2. This
evolution is in agreement with the ∆ns(1) = 1.4 measured by
Buitrago et al. (2011) for massive ETGs. We conclude that the
observed merging activity is also consistent with the observed
evolution in the Se´rsic index of massive ETGs, supporting the
dominant role of mergers in the evolution of these systems since
z ∼ 1.
6.3.3. Additional constraints from scaling relations
Nipoti et al. (2009) point out that the tightness of the local scal-
ing laws of ETGs posses an important limit to the growth of these
systems by (dry) merging (see also Ciotti et al. 2007; Nair et al.
2011). Using these local scaling laws, they conclude that typi-
cal present-day massive ETGs could not have assembled more
than ∼ 45% of their present stellar mass and grew more than a
factor ∼1.9 in size via merging. Even if uncertain, we can ex-
trapolate our observed trends up to z ∼ 2 and compare the in-
ferred mass and size growths with these upper limits provided
by Nipoti et al. (2009). We obtain a mass growth by merging (in-
cluding very minor mergers) of δM⋆ ∼ 60% since z = 2, which
implies that δM⋆(2)M⋆(2)/M⋆(0) ∼ 40% of the total mass at
z = 0 was assembled by merging since z = 2. The size grows by
a factor of ∼ 2 due to this merging in the same cosmic time lapse.
Therefore, merging seems compatible with the upper limits in
mass assembly and size growth imposed by the tightness of the
local scaling laws, although a more complex model is needed to
fully explore how these laws evolve due to our observed merger
history.
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6.3.4. Comparison with previous studies
In a previous work, Trujillo et al. (2011) use a similar model than
ours to estimate the number of mergers needed since z ∼ 1 to
explain size evolution if merging is the only process involved.
They conclude that Nm = 5.0 ± 1.64 mergers with µ = 1/3
are needed. This number of mergers is higher than our direct
measurement by a factor of five, Nm = 0.89 ± 0.14 (our average
merger with µ ≥ 1/10 has µ ∼ 1/3). If we take into account
our estimated very minor mergers, our numbers are Nm ∼ 5 and
µ ∼ 1/10. For this value of µ they infer Nm = 11.20 ± 3.66, still
higher than our estimation. The model of Trujillo et al. (2011)
also estimates the mass growth due to mergers since z ∼ 1, which
is a factor of 3−5, also higher than any observational estimation
or constraint (a factor of ∼ 1.4, Sect. 6.2).
Newman et al. (2012) study the size evolution of red
galaxies in the CANDELS12 (Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey, Grogin et al. 2011;
Koekemoer et al. 2011) survey and the role of mergers with
µ ≥ 1/10 in this size growth at 0.4 < z < 2. Applying a similar
model than ours to translate their observed total merger fraction
to a size growth, they conclude that merging can reasonably ac-
count for the size evolution observed at z . 1 after the progenitor
bias is taking into account, while at z & 1 mergers are not com-
mon enough. Despite the fact that they only have one merger
fraction data point at 0.4 < z < 1 (Fig. 8), their conclusion is
consistent with our more detailed study at z . 1.
6.3.5. Expectations from cosmological models
Several theoretical efforts have been conducted to explain the
size evolution of ETGs. In this section we compare the predicted
size evolution from cosmological models with our best model,
which suggests that ∆re ∼ 75% of the evolution in size is due
to mergers, ∆re ∼ 20% to the progenitor bias and ∆re ∼ 5% to
other processes (e.g., adiabatic expansion).
The model of Hopkins et al. (2010b) predicts that, since
z = 2, un-equal mass mergers explain ∆re ∼ 60% of the ob-
served size evolution, in agreement with our result. However,
these authors only track the evolution of compact galaxies since
z = 2 and do not take into account the possible contribution of
the progenitor bias, but argue that it should impact their predic-
tions. In fact, they predict that ∼ 45% of the size evolution since
z = 1 is due to un-equal mass mergers, another ∼ 45% is ac-
counted for by systematics in size measurements and the extra
∼ 10% is due to adiabatic expansion, probably reflecting their
biased population.
The model of Shankar et al. (2011) predicts δre ∼ 0.7 for
massive galaxies, in agreement with our observational deriva-
tion due only to mergers (see also Khochfar & Silk 2006).
Interestingly, the evolution increases to δre ∼ 0.5 when individ-
ual galaxies are tracked along their evolution without any stellar
mass selection. They predict that ∼ 40% of the mass accreted
by merging in massive galaxies is due to major mergers with
µ ≥ 1/3. Our best model implies that ∼ 47% of mass and size
growth is due to major mergers with µ ≥ 1/3. The qualitative
agreement between both works is remarkable.
On the other hand, Oser et al. (2012) find α = 1.12 (α = 1.44
for passive galaxies) and a ∼ 0.4 by re-simulating with high res-
olution a set of 40 galaxies with M⋆ ≥ 6.3×1010 M⊙ in a cosmo-
logical context. They find that the number-averaged merger has
µ = 1/16, while the mass-averaged merger has µ⋆ = 1/5. From
12 http://candels.ucolick.org/About.html
our model we estimate µ⋆ = 1/3 and µ = 1/13. We check that
µ⋆ is independent of the assumed number of very minor mergers
Nvm, while we can vary µ arbitrarily by changing Nvm. Thus,
only the comparison with µ⋆ is representative. The predicted
value is lower than our measurement, but they find a higher role
of major mergers at M⋆ ∼ 1011.1 M⊙ (see also Khochfar & Silk
2009; Hopkins et al. 2010a; Cattaneo et al. 2011), with µ⋆ ∼ 1/3
and a big dispersion due to the low statistics (see their Fig. 6).
Future simulations with higher number of galaxies are needed to
explore in more details this issue.
In summary, our result that merging is the main process
involved in size evolution mostly agrees with simulations, but
more observational and theoretical studies are needed to under-
stand the remaining discrepancies.
7. Conclusions
We have measured the minor and major merger fraction and rate
of massive (M⋆ ≥ 1011 M⊙) galaxies from close pairs in the
COSMOS field, and explored the role of mergers in the mass
growth and size evolution of massive ETGs since z ∼ 1.
We find that the merger fraction and rate of massive galaxies
evolves as a power-law (1 + z)n, with no or only small evolu-
tion of the minor merger rate, nmm ∼ 0, in contrast with the
increase of the major merger rate, nMM = 1.4. The total (major
+ minor) merger rate evolves slower than the major one, with
nm = 0.6. When splitting galaxies according to their HST/ACS
morphology, the minor merger fraction for ETGs is higher by a
factor of three than that for LTGs, and both are nearly constant
with redshift. The fraction of major mergers for LTGs evolves
faster (nLTMM ∼ 4) than for ETGs (nETMM = 1.8). We also find that
when we repeat our study with a constant number-density sam-
ple, comprising ETGs with log (M⋆/M⊙) ≥ 11.15 − 0.15z, the
evolution of the major merger fraction is faster (nETMM = 2.5),
whilst the minor merger fraction and other derived quantities re-
main the same. Therefore, we conclude that the selection of the
massive ETGs sample has limited impact in our results below.
Our results imply that massive ETGs have undergone 0.89
mergers (0.43 major and 0.46 minor) since z ∼ 1, leading to a
mass growth of ∼ 30% (75%/25% due to major/minor mergers).
We use a simple model to translate the estimated mass growth
due to mergers into an effective radius growth. With this model
we find that µ ≥ 1/10 mergers can explain ∼ 55% of the ob-
served size evolution since z ∼ 1. We infer that another ∼ 20% is
due to the progenitor bias (the new ETGs appeared since z = 1
are more extended than their high-z counterparts) and we es-
timate that very minor mergers (µ < 1/10) could contribute
with an additional ∼ 20%. The remaining ∼ 5% could come
from adiabatic expansion due to stellar winds or from observa-
tional effects. In addition, our picture also reproduces the mass
growth and the velocity dispersion evolution of these massive
ETGs galaxies since z ∼ 1.
We conclude from these results, and after exploring all the
possible uncertainties in our model, that merging is the main
contributor to the size evolution of massive ETGs at z . 1, ac-
counting for ∼ 50 − 75% of that evolution in the last 8 Gyr.
Nearly half of the evolution due to mergers is related to minor
(µ < 1/4) events.
Studies in larger sky areas are needed to improve the statis-
tics, especially at lower redshifts when the cosmological vol-
ume probed is still the main source of uncertainty. We point
out that a local measurement of the minor merger fraction and
rate is needed to better constrain its evolution with redshift.
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Understanding the dependency of the minor merger rate on stel-
lar mass, as well as extending observations to the very minor
merger regime (µ ≤ 1/10) will be important to further improve
this picture. In addition, extending the observational work at
z > 1, when the massive red sequence seems to emerge, will
be necessary to probe the early epochs of mass assembly.
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